The laminarization phenomenon for the flow under the combined effect of strong curvature and rotation is discussed based on numerical predictions of large-eddy simulation (LES) 
Introduction
The laminarization phenomenon has been the focus of many studies in the past due to the extremely significant influences on engineering and natural flows. The phenomenon is generally characterized by transitional flow behavior, changing from turbulent to laminar state. The laminarization process is also referred to as "reverse-transition," "inverse-transition," or "relaminarization." The earliest engineering studies regarding laminarization concerned the heat transfer mechanism for the nozzle flow ͓1͔. This study has been superseded by various numerical and experimental investigations for laminarization effects on heat transfer in circular tubes ͓2-10͔. The laminarization is not only a crucial topic in heat transfer but is also an extremely important issue in relation to turbulence modeling ͓11,12͔ and various engineering applications, such as magnetohydrodynamic flows ͓13-15͔, combustion ͓16-18͔, porous media flows ͓19͔, and flow control techniques ͓20͔.
The effect of curvature on turbulence is strongly related to the specific geometrical characteristics. Turbulence is generally enhanced near the concave surface due to the centrifugal instability associated with the concave curvature. This causes the streamwise-oriented Taylor-Görtler vortices and an adverse pressure gradient ͓21͔. Whereas, the flow displays a suppressed turbulent behavior on the convex surface due to the favorable pressure gradient ͓22-25͔. Rotating flow problems encountered in engineering applications have been the subject of a number of studies with special emphasis on relaminarization effects. Typically, the axis of rotation can be either in the direction of the streamwise flow ͓26-30͔ or in the spanwise direction ͓31-35͔. In the former case, the existing Coriolis force in the streamwise direction reduces to zero and hence the laminarization process is dictated primarily by the centrifugal force if the secondary flows are not significantly strong. On the other hand, in the latter case incorporating the consideration of the simple channel flow, the Coriolis force distorts the mean flow by decreasing the mean velocity gradient near the low-pressure side. This causes a reduction in the production of turbulence and leads to the laminarization especially at high rotation rates.
The laminarization process in more complex geometries with strong curvature and rotation, including the rotating U-duct and the centrifugal compressor, is little known. In the rotating U-duct, the laminarization process is important for the cooling process, whereas in a centrifugal compressor, the resulting laminarization of the flow could be useful for the stability of the wake thus decreasing the wake losses and in consequence increasing the isentropic efficiency of the compressor. The present study discusses the laminarization process in cases where curvature and rotation effects are significantly strong. A detailed investigation for the rotating square duct flow is also carried out along with the verified numerical results for the simple rotating channel flow.
Numerical Method
In direct numerical simulation ͑DNS͒, all turbulent scales have to be resolved. In LES, on the other hand, only the larger scales are resolved and the smaller ones are modeled via a subgrid-scale ͑SGS͒ model. In order to rigorously account for the large scale behavior in the presence of modeled small scales, a filtering operation is performed. For filter type, we adopted the implicit filtering and the filter is assumed to be the grid size, i.e., the scales larger than the grid size are resolved and the scales smaller than the grid size are modeled. The filtered continuity and NavierStokes equations read as
respectively. The last term of Eq. ͑2͒ is the Coriolis force contribution. As is customary, the centrifugal force is combined with the pressure gradient since it is conservative ͓31͔. The SGS stresses ͑ SGS ͒ are modeled using the wall-adapting local eddy-viscosity ͑WALE͒ model ͓36͔. In the WALE model, the SGS viscosity is defined as
͑3͒
where C w = 0.1 is the model coefficient, ⌬ is the filter width, 
The SGS has the incorrect wall-behavior of O͑1͒ since S ij is O͑1͒.
The governing differential equations for Eqs. ͑1͒ and ͑2͒ are solved via a finite-volume code, FLUENT ͓38͔, based on the projection method of Chorin ͓39͔. For all calculations, a bounded second-order central differencing scheme ͓40͔ is used for the convection term in order to eliminate the unphysical wiggles, caused when a pure classical central differencing scheme is employed ͓41͔. A fully second-order implicit scheme is applied for the temporal discretization. The pressure-implicit with splitting of operators ͑PISO͒ algorithm ͓42͔ and pressure staggering option ͑PRESTO͒ scheme ͓43͔ are adopted for the pressure-velocity coupling and the pressure interpolation, respectively. The set of linearized equations is solved by the Gauss-Seidel method, which is coupled with an algebraic multigrid method to accelerate convergence.
Model Cases
Cross-sectional views of the computational grid for numerically simulated cases are shown in Fig. 1 . Three cases are investigated: the fully developed flow in a straight square duct with spanwise rotation ͑Fig. 1͑a͒, Case 1͒, the flow in a U-duct with positive or negative rotation about the z-axis ͑Fig. 1͑b͒, Case 2͒, and the flow in a centrifugal compressor for which only the impeller ͑between z = 0 and radial coordinate͑r͒ = 0.78͒ rotates ͑Fig. 1͑c͒, Case 3͒. For Case 1, the Reynolds number ͑Re= U b D / v, U b is the bulk velocity, D is the width of the duct, and v is the kinematic viscosity͒ is 4410 and the rotation number ͑Ro= ⍀D / U b , where ⍀ is the rotation rate͒ varies between 0 and 5. The straight square duct has dimensions of 6.28D ϫ D ϫ D and a grid resolution of 64ϫ 60 ϫ 60 in streamwise ͑x͒, wall-normal ͑y͒, and spanwise ͑z͒ directions, respectively. A fully structured hexahedral mesh with stretching near walls is used, as shown in Fig. 1͑a͒ . This geometry is adequate to capture the largest structures in the streamwise direction ͓44͔. A nondimensional time step ͑⌬tU b / D͒ of 0.05 is employed. This corresponds to a Courant-Friedrichs-Lewy ͑CFL͒ number ͑⌬tU b / ⌬x͒ of 0.51. Periodic boundary conditions are applied in the streamwise direction to ensure fully developed flow. Constant mass flow rate is adopted to drive the flow in the streamwise direction. No-slip boundary conditions are applied on the enclosed walls ͑i.e., wall-normal and spanwise directions͒.
In the U-duct case, a developing turbulent flow enters a 180 deg bend of square cross section ͑D ϫ D͒ with a curvature ratio of R c / D = 0.65, where R c is the curvature radius of the bend and D is the width of the duct. The upstream bend length is set at 3D whereas to avoid any reverse flow at the outlet domain the downstream bend length is taken as 9D. The Reynolds number ͑Re= U b D / ͒ is 10 5 . Two rotating cases are investigated similar to 
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Transactions of the ASME the experimental study ͓22͔: one with a positive rotation ͑where the rotation axis is the same as the curvature axis, i.e., counterclockwise͒ and the other with a negative rotation ͑where the rotation axis is in opposite sense to the curvature axis, i.e., clockwise͒. The rotation axis is located at x = −4.5D. The rotation number ͑Ro= ⍀D / U b ͒ is Ϯ0.2 depending on the rotation mode. The Coriolis and centrifugal forces reinforce each other for the positive rotating case, whereas these forces oppose each other for the negative rotating case. Grid dependency test ͓45͔ showed that there is no significant variation between the results for 4.5ϫ 10 6 and 9 ϫ 10 6 computational cells. The fine grid is distributed as 900ϫ 100ϫ 100 in the streamwise, wall-normal, and spanwise directions. Grid cells are clustered near the walls, so that the first cell next to the wall boundaries falls within the viscous sublayer y + Ͻ 5. The information of the other grid topologies adopted for this case can be found in Ref. ͓45͔ . Structured hexahedral cells are used in the area upstream and downstream of the bend, which is coupled by a conforming interface with unstructured hexahedral cells in the bend section, as seen in Fig. 1͑b͒ . A nondimensional time step ͑⌬tU b / D͒ of 0.002 is employed based on the temporal dependency test. No-slip boundary conditions are applied at the inner, outer, and lateral walls. At the inlet, mean velocities are interpolated from the experimental study and perturbed with the random vortex method, as explained in Refs. ͓45,46͔. At the exit, outflow boundary conditions are used, resulting in zero-velocity flux for all flow variables and the satisfaction of overall mass balance correction.
The centrifugal compressor chosen for this study is a low-speed compressor with a vanesless diffuser ͓47͔. Considering the Reynolds number and compressibility effects, low-speed centrifugal compressors ͑LSCCs͒ are more suitable for LES methodologies than their high-speed counterparts. The LSCC comprises 20 full impeller blades with a 55 deg backsweep angle. The design tip speed is 153 m / s. The inlet and exit diameters of the impeller are 87 cm and 152.4 cm. The corresponding widths of the impeller blades at the inlet and the exit are 21.8 cm and 14.1 cm, respectively. The LSCC flow field had a design mass flow rate of 30 kg/ s and a rotating speed of 1862 rpm. This rotational speed corresponds to a rotation number of 0.6 based on the inlet hydraulic diameter and the bulk velocity. Three different grids were initially tested ͓45͔. The final mesh chosen on the basis of grid dependency test consisted of 1111ϫ 136ϫ 150 grid cells in the streamwise, spanwise, and pitchwise directions, respectively. A fully conforming and structured hexahedral mesh was used, as shown in Fig. 1͑c͒ . The time step employed for the predictions is 1.6ϫ 10 −5 s. Temporal and spatial resolutions are calculated on the basis of various flow scales, i.e., the Taylor and the Kolmogorov scales ͓48͔. It is seen that both the spatial and temporal resolutions of LES are sufficient to capture scales of the order of Taylor scales. With the current grid resolution, y + values on the walls are kept to be less than 5 to be able to resolve the viscous sublayer. The flow inside the impeller is assumed to be rotating at the impeller speed ͑1862 rpm͒. Impeller blades and the attached hub surface also rotate at 1862 rpm. No-slip boundary conditions are applied to all nonrotating solid walls, i.e., shroud casing and the hub surface downstream of the impeller section.
Verification Cases
LES predictions are verified with the DNS data of Moser et al. ͓49͔ ͑MKM͒ and Alveluis ͓50͔ ͑AL͒ for the stationary channel flow. For the spanwise-rotating channel flow, the DNS data of Kristoffersen and Andersson ͓32͔ ͑KA͒ is utilized for validation of numerical results. For the simulations of stationary and rotating channel flows, in addition to the WALE model, the dynamic Smagorinsky ͓51͔ ͑DYN͒ and the dynamic kinetic energy ͓52͔ ͑DYNKE͒ model results are also presented. Figure 2 shows the results for the mean velocity ͑Fig. 2͑a͒͒ and the mean turbulent kinetic energy ͑Fig. 2͑b͒͒ for the stationary turbulent channel flow at Re= 5600. The grid used was 64 3 and the domain taken was 3.2D ϫ D ϫ 1.6D. As seen from Fig. 2 , the mean velocity predictions are in good agreement with the DNS data. However, all the tested SGS models overpredict the turbulent kinetic energy peak with the WALE model performing slightly better than the DYN and DYNKE models.
Mean velocity and the turbulent kinetic energy predictions for the rotating channel flow are presented in Fig. 3 . The Reynolds number is the same as that used for the stationary channel flow. The rotation number is Ro= 0.5. It is well known that a region exists in a rotating channel flow ͑Fig. 3͑a͒͒ where ‫ץ‬U / ‫ץ‬y =2⍀, which represents neutral stability ͓31,32͔. Near the pressure side ͑PS͒ ͑y / 2D =0͒, the flow destabilizes due to the enforcing effects of the Coriolis force and the primary shear. Near the suction side ͑SS͒ ͑y / 2D =2͒, on the other hand, the Coriolis force and the primary shear oppose each other and thus the flow stabilizes. When the flow stabilizes, the turbulence is suppressed and the laminarization takes place. The SGS model predictions, are in excellent agreement with the DNS data for the mean velocity. On the other hand, for the turbulent kinetic energy predictions, there is a slight discrepancy in the numerical predictions when compared to the experimental results, especially close to the SS, as seen in Fig. 3͑b͒ . However, the WALE model is seen to perform better than the other SGS models in this case as well. Hence, only the WALE model is adopted for the rest of the simulations in this study. 
Results and Discussion
The laminarization process is discussed initially considering the flow in a rotating square duct. The first known LES study for a rotating square duct conducted by Pallares and Davidson ͓35͔ is limited to Ro= 0.12. Pallares et al. ͓53͔ further performed rotating duct simulations up to Ro= 6.6. However, they discussed mostly the effect of rotation on the convection heat transfer. A complete laminarization study for a rotating duct is still not available in literature. Therefore, a part of this study is dedicated to the discussion of the complete laminarization process in the rotating straight square duct. Figure 4 demonstrates the mean primary ͑top subfigures͒ and the mean secondary flow ͑bottom subfigures͒ distributions on the cross section of the rotating square duct. Only half of the cross section is shown since the mean flow is symmetric about the wall bisector ͑Z / D = 0.5͒. The bottom and the top walls for each of the subfigures represent the PS and the SS, respectively. Contrary to the channel flow, a low-velocity region is observed near the SS starting from Ro= 0.05. Near the SS at Ro= 0.2, contour lines of the primary flow tend to be horizontally aligned. This causes ‫ץ‬U / ‫ץ‬z Ϸ 0 and is generally referred to as the Taylor-Proudman regime ͓35͔. However, very close to the PS, a low-velocity region is also evident. The distortion of the mean flow resulting in this low-velocity region is attributed to the regeneration of turbulence, which starts when Ro= 0.2. The region, where ‫ץ‬U / ‫ץ‬z Ϸ 0, enlarges as Ro number increases, ultimately leading to a uniform velocity profile and the disappearance of the primary flow anisotropy near the corners. The rotation not only causes asymmetry of the primary flow, but also leads to a merging of the corner vortices. For the stationary case, the corner vortices are known as the secondary flows of Prandtl's second kind. These secondary flows are a direct result of the imbalance of the turbulence stresses near the corners and can hence only occur in turbulent flows. Following closely from left to right the bottom subfigures of Fig. 4 , one observes that as a result of the merging process of the corner vortices in the rotating case, a large vortex is formed near the SS. After the merging process, a small vortex appears near the pressure corner at Ro= 0.05. At Ro= 0.2, the larger vortex ͑vortex due to the merging process͒ moves slightly towards the lateral wall, getting thinner as compared to the vortex of the Ro= 0.05 case. The smaller vortex, on the other hand, moves away from the corner while enlarging in size. At Ro= 0.2, the bulging of the mean flow from the PS is therefore due to the vortex placed near the PS. This vortex convects the high-momentum flow near the PS towards the center of the duct along the wall bisector ͑Z / D = 0.5͒. The secondary flow distributions at Ro= 0.5 and Ro= 1 show that this vortex has now moved towards the corner and has substantially decreased in strength and size. Meanwhile, the top ͑merging process͒ vortex, which was centered on Y / D = 0.5-0.6, is further stretched along the lateral wall. Both these vortices eventually disappear at Ro= 5. Interestingly, at the same time, with the disappearance of the vortices the contours of the primary flow have aligned themselves perfectly with the pressure and suction surfaces. During this process, the secondary streamlines become aligned with the lateral walls. Therefore, the primary flow contours and the secondary flow streamlines seem to be highly correlated at high rotation numbers.
As reported by many authors ͓31,32,35,53͔ as the rotation rate increases, the time-averaged wall shear stress increases on the PS and decreases on the SS. This increase in the wall shear stress near the PS is strongly related to the flow instability, which is triggered by the enhancement of the turbulence. On the other hand, the decrease in wall shear stress is due to the laminarization or flow stability near the SS. As shown logarithmically in Fig. 5 , the wall shear stress increases and approaches unity at higher rotations at the SS. At the PS, on the other hand, it increases to Ro= 1 and decreases after that, tending to unity analogous to the SS. The increase in the SS and the decrease in the PS can be attributed to changes in the velocity gradients near the walls, which were observed from Fig. 4 . Unlike the PS and SS walls, the wall shear stress rises gradually at the lateral wall due to the strong secondary flow and the decrease in the boundary layer thickness. It is observed that the increase after RoϾ 0.2 is, in fact, linear on the logarithmic plot and can be analytically expressed analytically as
where and 0 represent the wall shear stress at the particular Ro number and the wall shear stress at zero rotation, respectively. In Eq. ͑3͒, it is found that A = 2.125 and B = −3.227. This expression could be of use especially for the turbulence model developers and users regarding the development of advanced wall functions in the case of laminarization. Concerning the use of wall functions in a finite-volume calculation like the one considered here, it is of the utmost importance that the wall shear stress be accurately related to the tangential velocity of the nearest cell to the wall. The volume-averaged turbulent kinetic energy and the contributions of Reynolds normal stresses to the turbulent kinetic energy for a square duct are shown in Fig. 6 . At Ro= 0, the volumeaveraged turbulent kinetic energy is predicted by the DNS of Ref.
͓44͔ as 0.97 and by the current LES as 1.05. This corresponds to 8% difference between two numerical studies. Similar to the study of Pallares and Davidson ͓35͔, the mean turbulent kinetic energy decreases due to the suppression of ͗uЈ 2 ͘ ͑streamwise normal stresses͒ while ͗vЈ 2 ͘ and ͗wЈ 2 ͘ stresses remain fairly constant. The maximum rate of decrease in the turbulent kinetic energy takes place as Ro increases from 0.05 to 0.1. The production term for ͗uЈ 2 ͘ decreases as the flow experiences the Taylor-Proudman regime and thus ͗uЈ 2 ͘ decreases. The rate of laminarization de- creases as Ro increases from 0.1 to 0.2. For Ro from 0.2 to 0.5, ͗uЈ 2 ͘ continues to decrease, while ͗vЈ 2 ͘ and ͗wЈ 2 ͘ start to increase again, reintroducing turbulence and thus causing enhancement of turbulent kinetic energy to Ro= 0.5. This behavior can be explained by the contribution of volume-averaged Reynolds budget terms of normal stresses, as will be discussed later. The increase in ͗vЈ 2 ͘ and ͗wЈ 2 ͘ is stabilized as Ro approaches to 1, after which the behaviors of ͗vЈ 2 ͘ and ͗wЈ 2 ͘ become the same as that of ͗uЈ 2 ͘, i.e., decreasing. All turbulent normal stresses reduce to zero at Ro= 5, and hence at this rotation number one could safely assume the flow to be purely laminar. Figure 7 shows the percentage distribution of the turbulent kinetic energy for the PS ͑Y / D Ͻ 0.5͒ and SS ͑Y / D Ͼ 0.5͒ halves of the square duct. When Ro is less than 0.025, turbulence balance is distributed approximately as 45% for the PS half and 55% for the SS half of the duct. As Ro number increases from 0.025 to 0.05, the scenario reverses with most of the turbulence being accumulated on the PS half instead of on the SS half. As the TaylorProudman regime becomes more significant starting from Ro = 0.05 to 0.1, the percentage of the turbulent kinetic energy increases from around 60-80%. With an increase in the rotation rate, this ratio becomes even greater. When the turbulence field develops for the Ro= 0.5 case, more than 90% of the turbulence takes place on the PS half. This suggests that the turbulence is globally reduced in a rotating fully developed duct with the laminarization process mostly taking place on the SS. Figure 8 shows the variations of the volume-averaged Reynolds stress budget terms ͑production P, dissipation , pressure strain , and production due to rotation G: See Appendix͒ as a function of the rotation number. Corresponding to the reduction in ͗uЈ 2 ͘, P 11 decreases to Ro= 0.2. When RoՅ 0.2, P 11 is balanced by 11 and G 11 . While Ro increases from 0.2 to 0.5, ͗uЈ 2 ͘ still reduces in spite of a slight increase in turbulent kinetic energy as shown before in Fig. 6 . P 11 increases at Ro= 0.5; however, 11 and G 11 also significantly increase despite the loss. This is the reason for the decrease of ͗uЈ 2 ͘ at Ro= 0.5. At higher rotations, RoϾ 1, ͗uЈ 2 ͘ is primarily reduced by G 11 rather than 11 . The reason for the enhancement of ͗vЈ 2 ͘ and ͗wЈ 2 ͘ in the reproduction region of the turbulent kinetic energy ͑Ro= 0.2-0.5͒ is accounted for by the abrupt change in the production due to the rotation term G 22 and the pressure strain term 33 , respectively. It is widely known that ͗uЈ 2 ͘ extracts energy from mean flow gradient and distributes it to ͗vЈ 2 ͘ and ͗wЈ 2 ͘. This relation does not seem to be valid anymore when RoϾ 0.1. ͗uЈ 2 ͘ still distributes its energy to ͗wЈ 2 ͘, but not to ͗vЈ 2 ͘. Since 11 is insufficient to balance G 22 alone, the pressure strain term for ͗vЈ 2 ͘ also becomes a loss term. In RANS models, model coefficients are generally based on the empirical observations. In standard k-equation model, the calculation of the coefficient C is based on the equality between the production ͑P͒ and the dissipation ͑͒ of the turbulent kinetic energy. However, this equality generally is not valid for most of the flows. Figure 9 shows the ratio of P / for the rotating square duct. In Fig. 9͑a͒ , the volume average of P / is presented as a function of Ro. At low Ro, this ratio varies between 1.2 and 1.4. Starting from Ro= 0.2, P / increases logarithmically, stabilizing around 1.7 at high Ro where the laminarization is strong. Figure  9͑b͒ shows the wall-normal distribution of P / along the wallbisector ͑Z / D = 0.5͒. At Ro= 0.05, there is already an asymmetry in P / distribution. At the moderate Ro, corresponding to the results in Fig. 9͑a͒ , P / values are substantially higher than those at Ro= 0.05. Strong laminarization process can also be deduced form this P / distribution at Ro= 5. After y / D = 0.1, P / collapses to zero up to the SS. Although the flow is globally laminar, there exists a slightly energetic region ͑0 Ͻ y / D Ͻ 0.1͒ where P / suddenly increases to a peak value of 6. This is more than twice the peak value at Ro= 0.05. Then, P / decreases rapidly and collapses to zero after y / D Ͼ 0.1. Figure 10 shows the mean streamwise velocity ͑Fig. 10͑a͒͒ and the mean turbulent kinetic energy ͑Fig. 10͑b͒͒ contours on the midspan plane ͑Z / D =0͒ of a U-duct for the stationary case. Towards the bend inlet, developing turbulent flow accelerates near the inner wall and decelerates near the outer wall. This is due to the favorable and adverse pressure gradients at the inner and outer walls, respectively. Due to the strong curvature, the flow separates from the inner bend around Ϸ 90 deg ͑the half bend location͒. The flow reattaches to the inner wall at around 1.8-2.0D downstream of the bend. In contrast to the separation region after the bend exit, the flow accelerates causing a high-velocity region. Further downstream of the bend, the flow near the outer wall decelerates corresponding to the recovery of the separation region. The mean turbulent kinetic energy distribution is somewhat akin to the mean velocity distribution. There is a slight increase in mean turbulent kinetic energy near the outer bend corresponding to the flow deceleration. Downstream of the bend exit, near the inner wall, turbulence is noticeably increased due to the separation. However, after the reattachment of the flow, turbulence decreases considerably resulting in a fully developed flow towards the exit of the duct. In contrast to the high levels of turbulence in the separation region, the flow is relatively calm near the outer wall due to the high-momentum flow.
In order to see the laminarization process in the U-duct subjected to positive or negative rotations, turbulent kinetic energy results for the rotating cases are normalized by those of the stationary case. This nondimensionalization points to the following predicted behavior:
Here, k 0 and k Ro represent the mean turbulent kinetic energy for the stationary and rotating cases, respectively. Figure 11 demonstrates the contours of k Ro / k 0 − 1 for the positive ͑Fig. 11͑a͒͒ and negative rotating ͑Fig. 11͑b͒͒ cases. In these contour plots, light gray regions represent the laminarization trend of the flow whereas the dark regions represent the enhancement of turbulence. As seen from Fig. 11 , turbulence is significantly suppressed for the positive rotating case especially after = 90 deg. On the other hand, turbulence is considerably enhanced in the negative rotating case. In the positive rotating case, turbulence suppression takes place both in the separation region and near the outer wall.
In the negative rotating case, the enhancement of the turbulence is observed near the outer wall only. Both the suppression and enhancement processes vanish far downstream of the bend. A possible explanation for these processes can be offered by the secondary flow behavior, as depicted in Fig. 12 . At the bend exit in the stationary case, two pairs of vortices are formed: one close to the inner wall at Y / D = 1 and the other is close to the lateral wall at around Z / D = −0.5. These vortices that develop due to strong curvature effects were observed and successfully analyzed in the aforementioned study of rotating channel flow. Secondary flows presented in this study are responsible for extracting the fluctuating energy from the primary flow ͑especially around the separation region͒ and transferring it to the flow close to the outer wall. For the positive rotation, where the primary Coriolis force is Fig. 9 The ratio of the production to the dissipation for the square duct. Volume-averaged distribution "a…. Wall-normal distribution on Z / D =0.5 "b…. in the same direction of centrifugal force, vortices disappear and the secondary flow becomes less intense while approaching the outer wall. The primary reason for the suppression of the turbulence in the positive rotating case is thus attributed to the disappearance of the secondary vortices due to the interaction of the Coriolis force and the centrifugal forces. For the negative rotating case, secondary flow behaves in stark contrast to the positive rotation case, i.e., extracted fluctuating energy is transferred along the outer walls. This energy is subsequently transferred towards the midregion of the outer wall via the vortex generated due to the opposing effects of the Coriolis and the centrifugal forces. Hence, the negative rotating case depicts higher turbulence levels than the stationary case.
The centrifugal compressor is the final case presented in this paper. This case is simulated according to the given physical rotation rate of ⍀ = 1862 rpm. In order to assess the physics of laminarization, the case is also simulated at ⍀ = 0 rpm ͑Ro= 0͒ with the same boundary conditions and the discretization procedures. Figure 13 shows the meridional view of the normalized turbulent kinetic energy distribution ͑100ͱ k / U tip , where U tip is 153 m / s͒ on the midspan plane for the rotating case ͑Fig. 13͑a͒͒ and the stationary case ͑Fig. 13͑b͒͒. As can be seen, turbulence in the rotating case is significantly suppressed compared to the stationary case. Nevertheless, there is still a high-turbulent region close to the shroud side in the rotating case. Turbulence in this region is due to the tip wake having a direct effect on the efficiency of the compressor, which has been the subject of attention of a number of past studies. Figure 14 demonstrates the normalized turbulent kinetic energy distribution on cross-sectional planes in the impeller. The results from the rotating case are presented on the left-hand side whereas the stationary case results are shown on the right-hand side of this figure. For the rotating case at m i / m = 0.149 ͑m i / m is the ratio of the meridional distance from the impeller inlet to the total impeller meridional length͒, turbulence is seen to originate from the SS ͑low-pressure͒ region. In the stationary case, turbulence is significantly enhanced near the PS/shroud surface. The tip jet flow, caused by the pressure difference between the PS and SS, convects the turbulence in the passage. At m i / m = 0.644, highturbulence region is enlarged, but laminarizing effects of the Coriolis force still exist for most of the region. Turbulence near the blade root on the SS is higher in comparison to previous station, which is believed to be due to the interaction of the boundary layer with the tip jet. At m i / m = 0.99, turbulence is diffused completely for zero rotation, whereas the turbulence is still low in the hub half side for the rotating case.
In engineering cases, it is important to quantify the quality of LES predictions and assess the possible enhancements/ deficiencies compared to RANS predictions. Along with LES, the mixing length ͓54͔, k-͓55͔, and k-w ͓56͔ RANS models were performed for the centrifugal compressor. The meridional velocity ͗U m ͘ comparisons are made where the flow is laminarized ͑Fig. 15͑a͒͒ and relatively turbulent ͑Fig. 15͑b͒͒. It is seen that LES predicts the meridional velocity better than the RANS models near the boundary layers. However, outside the boundary layers, LES predictions are almost the same as RANS predictions apart from the mixing-length model. At 95% span, where turbulence is significant, LES predictions are far better than the RANS models, as seen in Fig. 15͑b͒ .
The ease of applicability, substantially lower computational cost, and comparable predictions of RANS in the laminarized zone for the centrifugal compressor as compared to LES might explain the widespread usage of RANS for turbomachinery cases. However, if the boundary layers and the unsteadiness in the passage are considered, LES can be regarded as the more predictive choice. Furthermore, the current compressor geometry does not have any vanes in the diffuser section. For a vaned centrifugal compressor, unsteadiness and the boundary layer development would be substantially different. Thus, RANS models would not suffice the need for such a complex case.
Conclusion
In this paper, a laminarization study of the flow subjected to strong curvature and Coriolis force is presented. Three cases are investigated: the fully developed flow in a straight square duct with spanwise rotation, the turbulent developing flow in a U-duct with positive or negative rotation about the spanwise axis, and the flow in a centrifugal compressor.
It is seen that the turbulent kinetic energy does not decrease monotonically as the rotation number increases for the square duct. The diminishing rate of the decay of the turbulent kinetic energy displays a pronounced minimum at around Ro= 0.2 where turbulence is reproduced due to the secondary flow being generated near the PS. This behavior is confirmed by an assessment of the Reynolds stress budget terms and is attributed to the vortex generated near the PS. In the U-duct case, turbulence is significantly enhanced in the negative rotating case, where the curvature and the Coriolis induced secondary flows oppose each other. On the other hand, for the positive rotating case, significant laminarization is observed near the outer wall where the Coriolis force has a diminishing influence on the existing secondary flow intensity. For the centrifugal compressor, turbulence is significantly suppressed in the entire impeller region apart from the tip leakage flow. LES was henceforth shown to perform better than RANS models in regions of significant turbulence intensity such as near the tip leakage flow region and inside the boundary layers.
shear stresses, thus representing energy extraction from the mean flow variation by velocity fluctuations. Similarly, production due to rotation comes about when the turbulent shear stresses are linked with the flow rotation. The main role of the pressure strain is in transferring energy from streamwise turbulent stresses to the spanwise and pitchwise stresses, providing the most important term in the case of the kinetic energy exchange. Turbulence is not only produced or dissipated but also diffused. Diffusion takes place by triple correlation of velocity fluctuations ͑turbulent diffusion͒, one-point correlation of pressure and velocity fluctuations ͑pressure diffusion͒, and viscous diffusion. Finally, dissipation term represents the kinetic energy dissipated by viscous forces. For LES, the SGS viscosity should be added into the molecular viscosity, as shown in Eqs. ͑A7͒ and ͑A8͒.
